Class I and class II molecules of the major histocompatibility complex present peptides to T cells. Class I molecules bind peptides that have been generated in the cytosol by proteasomes and delivered into the endoplasmic reticulum by the transporter associated with antigen presentation. In contrast, class II molecules are very efficient in the presentation of antigens that have been internalized and processed in endosomal͞lysosomal compartments. In addition, class II molecules can present some cytosolic antigens by a TAP-independent pathway. To test whether this endogenous class II presentation pathway was linked to proteasomemediated degradation of antigen in the cytosol, the N-end rule was utilized to produce two forms of the inf luenza virus matrix protein with different in vivo half-lives (10 min vs. 5 h) when expressed in human B cells. Whereas class I molecules presented both the short-and the long-lived matrix proteins, class II molecules presented exclusively the long-lived form of antigen. Thus, rapid degradation of matrix protein in the cytosol precluded its presentation by class II molecules. These data suggest that the turnover of long-lived cytosolic proteins, some of which is mediated by delivery into endosomal͞ lysosomal compartments, provides a mechanism for immune surveillance by CD4 ؉ T cells.
There are important distinctions between the antigen presentation pathways used by class I and class II molecules of the major histocompatibility complex (MHC) (for review, see ref. 1) . MHC class I molecules, which present peptides to CD8 ϩ T cells, acquire peptides in the endoplasmic reticulum. Except for some peptides that may be generated in the endoplasmic reticulum (2, 3) , most of the peptides bound to MHC class I molecules are derived from proteins processed in the cytosol by the multicatalytic proteasomes (4) . The resulting short peptides are delivered into the endoplasmic reticulum by a transporter associated with antigen presentation (TAP). This mechanism ensures that most of the peptides bound to MHC class I molecules are derived from endogenous proteins and provides a sensitive detection system for infected or transformed cells. Some cell types such as macrophages can engulf exogenous proteins that are subsequently released into the cytosol and processed by the proteasome-and TAP-dependent pathway for class I-restricted presentation (5) (6) (7) .
In contrast, exogenous material taken up into endocytic compartments is the major source of antigens presented by MHC class II molecules to CD4 ϩ T cells. The high efficiency of exogenous antigen presentation by MHC class II molecules provides the immune system with a sensitive detection system for the presence of foreign material. Internalized antigen is denatured by low pH and degraded by endosomal or lysosomal proteases, exposing peptide segments that bind to newly synthesized MHC class II molecules. Peptide loading onto class II molecules is facilitated by HLA-DM (reviewed in ref. 8 ).
The resulting class II͞peptide complexes are transported to the plasma membrane for detection by CD4 ϩ T cells. An alternative presentation pathway, independent of HLA-DM but requiring internalization and recycling of cell surface class II molecules, is used for certain antigens (9) .
In addition, ample evidence has accumulated for class II-restricted presentation of cytosolic antigens (10) (11) (12) (13) . The TAP-independence of class II-restricted presentation of cytosolic antigen established that this pathway was distinct from the class I pathway (13) . The endogenous class II pathway shares features with the classical exogenous pathway: it is chloroquine-sensitive (10, 12) and requires a function(s) encoded in the class II region of the MHC, presumably HLA-DM (14) . Processing of a cytosolic antigen for class II-restricted presentation took several hours, in contrast to a much more rapid presentation by MHC class I (11). The endogenous class II pathway may be inefficient or may operate selectively for certain antigens because MHC class II molecules have often failed to present cytosolic antigens (15) (16) (17) (18) .
The pathway by which some cytosolic antigens can be delivered into a class II compartment for loading onto class II molecules is still unknown. The chloroquine-sensitivity of this presentation does not imply processing of antigen in an endosomal͞lysosomal compartment because chloroquine also blocks the prerequisite dissociation of the invariant chain from newly synthesized class II ␣␤͞invariant chain complexes. Therefore, it is possible that cytosolic antigen presented by MHC class II undergoes proteasome-mediated degradation. Alternatively, cytosolic antigens may be delivered into class II compartments independently of proteasome-mediated processing.
To test whether degradation by proteasomes was required for class II-restricted presentation of cytosolic antigen, the N-end rule pathway of protein degradation (19, 20) was used to produce two forms of a cytosolic viral protein: one was targeted for rapid ubiquitin (Ub)-dependent degradation and the other remained stable in the cytosol. The matrix protein of influenza virus was chosen because of its inherent stability in the cytosol. In addition, it carries well-defined T-cell epitopes restricted by the human class I and class II MHC alleles HLA-A2 and HLA-DR1, respectively. Endogenous expression of M1 mediated by a recombinant vaccinia virus resulted in presentation of both class I and class II epitopes (10) . The present study showed that whereas both the short-and long-lived forms of the antigen were presented efficiently by class I, only the long-lived form was presented by class II.
MATERIALS AND METHODS
Cells and Recombinant Viruses. The HLA-A2 and HLA-DR1 positive human B-cell line 721.45 has been described (21) . Recombinant vaccinia viruses encoding the influenza virus A matrix protein M1 (Vac-M1), hemagglutinin protein H3 (Vac-H3), or the T7 RNA polymerase (Vac-T7) have been described (22) (23) (24) . Fusion proteins between Ub and influenza virus matrix M1 were engineered that contained either a methionine or an arginine residue after the Ub cleavage site. An Ub cDNA (gift of A. Townsend, Oxford University) was subcloned in the plasmid pKS (Bluescript II KS ϩ , Stratagene) as an EcoRI fragment. An Ub-Met fragment containing a Bsp120I site downstream of the Met codon was produced by PCR amplification using the forward Ub primer ACGTACGTGCGGC-CGCGCCAACATGCAGATCTTCGTG with a NotI cloning site and the backward primer GTACGTGAATTCGGGC-CCTTCATACCACCGCGCAGACGCAG with an EcoRI cloning site. An Ub-Arg fragment was similarly amplified using the backward primer GTACGTGAATTCGGGCCCTTTC-GACCACCGCGCAGACGCAG. The 273-bp fragment was purified, digested with NotI and EcoRI, and ligated into NotI-EcoRI digested plasmid pKS downstream of the T7 polymerase promoter. The Bsp120I site in plasmid pKS was previously destroyed by a fill-in reaction and religation. The sequences of the Ub-Met and Ub-Arg inserts were verified by sequencing. A Bsp120I site was introduced upstream of the M1 coding sequence in plasmid pr8 ma (gift of P. Palese) (22) by PCR amplification with the forward primer ACGTACGT-GGGCCCAATGAGTCTTCTAACGGAGG and the backward primer ACGTACGTGTCGACAGTAGAAACAAGG-TAGTTTTTT that provided a SalI cloning site at the 3Ј end of the M1 cDNA. The 1031-bp fragment was purified, digested with Bsp120I and SalI, and ligated to the plasmids pKS-UbMet and pKS-Ub-Arg digested with Bsp120I and SalI. In the resulting constructs the M1 coding region is preceded by Ub-Met-Lys-Gly-Pro or by Ub-Arg-Lys-Gly-Pro. Triple chimeric proteins containing the first 44 amino acids of the influenza virus A nucleoprotein (NP) between Ub and M1 were constructed as follows. Ub-Met-NP and Ub-Arg-NP fragments were amplified from plasmids ptac-85-Ub-Met-NP and ptac-85-Ub-Arg-NP (25) with the Ub forward primer and the backward primer ACGTACGTGAATTCGGGCCCTTG-CACATTTGGATGTAGAATCGT that introduces a Bsp120I site after codon 44 of NP and provides an EcoRI cloning site. The 407-bp fragment was purified, digested with NotI and EcoRI, and ligated into plasmid pKS (lacking the Bsp120I site) digested with NotI and EcoRI. The M1 fragment amplified as described above was ligated into pKS-Ub-Met-NP and pKSUb-Arg-NP digested by Bsp120I and SalI. In the resulting constructs the M1 coding region is preceded by Ub-Met or Ub-Arg, and the next 43 NP codons fused to Lys-Gly-Pro codons. To produce recombinant vaccinia viruses, two independent NotI-SalI inserts from pKS-Ub-Met-NP-M1 and from pKS-Ub-Arg-NP-M1 were subcloned into a modified plasmid pSC11 containing NotI and SalI cloning sites (gift from I. Bacik, National Institute of Allergy and Infectious Diseases, National Institues of Health) (26) . One clone for each construct was used to generate a recombinant vaccinia virus as described (27) . The two independent Vac-Ub-Met-NP-M1 constructs gave identical results in multiple experiments, and so did the two Vac-Ub-Arg-NP-M1 constructs. Recombinant vaccinia viruses were purified on a sucrose gradient as described (27) .
Vac-T7-Mediated Expression. 721.45 cells were infected with 10 plaque-forming units (pfu)͞cell of Vac-T7 for 10 min in serum-free medium on ice followed by rotation for 30 min at 37ЊC. After removing the infection medium, 4 ϫ 10 6 infected cells were transfected with 5 g of plasmid using lipofectin (Life Technologies, Grand Island, NY) in 2 ml OptiMEM (Life Technologies) and incubated at 37ЊC for 2 h. The cells were then transferred to a T25 flask, 8 ml of complete medium was added, and the flask was incubated at 37ЊC for 2 h. Cells were starved in methionine-free medium for 30 min, labeled with [ 35 S]methionine for 30 min and chased for 0 and 1 h in medium supplemented with 2 M methionine.
Immunoprecipitations. 721.45 cells (2 ϫ 10 6 ) were infected with 30 pfu͞cell of vaccinia virus at 4ЊC for 20 min in 0.5 ml serum-free medium, and further incubated on a rotator for 1 h at 37ЊC. Infected cells were starved in methionine-free medium for 1 h, and labeled with 50 Ci (1 Ci ϭ 37 GBq) [ 35 S]methionine for 10 min (Vac-Ub-Met-NP-M1) or 5 min (Vac-Ub-Arg-NP-M1). Cells were resuspended in cold medium supplemented with 2 M methionine and chased for up to 4 h at 37ЊC. Cells were harvested and lysed as described (3) except that the lysis buffer contained 1% Triton X-100 and 1 mg͞ml BSA. Immunoprecipitation was performed with the M1-specific mAb M2͞1C6 (gift of J. Yewdell, National Institute of Allergy and Infectious Diseases, National Institutes of Health) (28) . In the calpain inhibitor I experiment, 2 ϫ 10 6 721.45 cells were infected with 15 pfu͞cell as described above. Cells were starved for 30 min in methionine-free medium, incubated for another 30 min in the same medium supplemented with 200 M of calpain inhibitor I (Calbiochem), and labeled with [ 35 S]methionine for 10 min in the presence of the inhibitor. Immunoprecipitates were analyzed by SDS͞PAGE as described (3) and radioactive bands on the dried gels were quantitated using the AMBIS Radioanalytic Imaging system. RNA Hybridization. 721.45 cells (10 ϫ 10 6 ) were infected with 10 pfu͞cell as described above. At the end of the incubation at 37ЊC in serum-free medium, FCS was added to a final concentration of 5% and the cells incubated for 3 h at 37ЊC. Cells were then washed in 10 mM Tris⅐HCl (pH 7.5) and 150 mM NaCl. RNA was extracted by the guanidine͞acid͞ phenol technique (29) . Ten micrograms total RNA was run on a 0.8% agarose͞formaldehyde denaturing gel and transferred using a Stratagene pressure blotter to a Gene Screen Plus membrane (Dupont͞NEN). The blot was probed overnight at 68ЊC with the NotI-SalI insert of Ub-Met-NP-M1 radiolabeled with [ 32 P]dCTP using a Prime-It II kit from Stratagene. The blot was then washed with 2ϫ standard saline citrate (SSC), 0.1% SDS at 42ЊC, 2ϫ SSC/0.1% SDS at 68ЊC, 0.2ϫ SSC/0.1% SDS at 68ЊC, and finally 0.1ϫ SSC/0.1% SDS at 68ЊC. Each wash lasted 30 min.
Cytotoxicity Assays. 721.45 cells (5 ϫ 10 5 ) were infected as described above. At the end of the incubation at 37ЊC in serum-free medium, fetal calf serum was added to a final concentration of 5% and the cells incubated for 2 h at 37ЊC. Cells were labeled with 50 Ci sodium [
51 Cr] chromate for 1 h in 0.2 ml, washed, counted and plated at 5 ϫ 10 3 cells in V-bottom 96-well plates containing previously aliquoted effector T cells. The total time of vaccinia virus infection was 4 h. HLA-A2-restricted M1-specific T-cell lines (30) were a gift of W. Biddison (National Institute of Neurological Diseases and Stroke, National Institutes of Health). HLA-DR1-restricted M1-specific T-cell clones and 51 Cr-release assays have been described (31) .
protein with an N-terminal methionine should remain stable, whereas the one with an N-terminal arginine should be destabilized (19, 20, 32) . Specific lysine residues in the Nterminal portion of the protein are also required for the degradation of a protein by the N-end rule pathway (20, 33) . The first three lysine residues after cleavage of the N-terminal Ub extension of the Ub-Met-M1 and Ub-Arg-M1 fusion proteins are at positions 2, 26, and 40. The transient Vac-T7 polymerase expression system (24) was used to quickly test whether the Arg-M1 was rapidly degraded. The human B-cell line 721.45 was infected with Vac-T7 and transfected with plasmids encoding Ub-Met-M1 and Ub-Arg-M1 downstream of the T7 promoter. After labeling with [ 35 S]methionine for 30 min, M1 proteins were immunoprecipitated (Fig. 1B) . Comparable levels of Met-M1 and Arg-M1 proteins with the expected apparent molecular weight (28 kDa) were detected. Furthermore, Arg-M1 protein was still detectable after 1 h of chase (Fig. 1B) .
An N-Terminal Extension of the Matrix Protein Was Required to Obtain Half-Lives That Obey the N-End Rule. As NP bearing the N-terminal arginine residue was degraded by the N-end rule pathway (25), we reasoned that the N-terminal portion of NP may carry appropriate signals (including lysine residues) that could be grafted onto the N-terminus of M1 and provide recognition of the NP-M1 fusion proteins by the N-end rule pathway. Thus, the first 44 amino acids of NP were fused to M1 with an additional Lys-Gly-Pro linker. This N-terminal fragment of NP was isolated from Ub-Met-NP and Ub-Arg-NP fusion constructs made previously (25) . The first three lysine residues after cleavage of the N-terminal Ub extension of these Ub-Met-NP-M1 and Ub-Arg-NP-M1 fusion proteins ( Fig. 2A) are at positions 7, 31, and 45. The Vac-T7 polymerase expression system revealed a lower amount of Arg-NP-M1 relative to that of Met-NP-M1 detectable after labeling with [ 35 S]methionine for 30 min (Fig. 2B) . To define more precisely the half-lives of these recombinant proteins two independent recombinant vaccinia viruses for each Ub-Met-NP-M1 and Ub-Arg-NP-M1 construct were generated and tested for protein stability after infection of 721.45 cells (Fig. 3) . Both proteins were synthesized with the expected apparent molecular weight (33 kDa) but with very different half-lives: Ϸ5 h for Met-NP-M1 and Ϸ10 min for Arg-NP-M1. Half-lives were determined from two experiments by quantitation of bands in SDS͞PAGE. The half-life of a wild-type M1 protein expressed from Vac-M1 was at least 6 h in several experiments (not shown). A short lag of 5-10 min was observed before degradation of Arg-NP-M1, presumably because the cells had been on ice before addition of the chase medium.
A long exposure of the gel containing immunoprecipitated Arg-NP-M1 revealed additional bands corresponding to about 42, 49, 56, and 62 kDa (Fig. 3C ). This ladder may well reflect multiubiquitination of the protein containing a destabilizing N-terminal amino acid and an appropriate lysine substrate (34) . The bands may correspond to Arg-NP-M1 molecules with 1, 2, 3, and 4 Ub moieties. No such bands appeared in long exposures of the gel containing immunoprecipitated Met-NP-M1 (not shown).
Identical half-lives were determined for each pair of independent vaccinia viruses encoding Ub-Met-NP-M1 or UbArg-NP-M1 proteins. We conclude that the Met-NP-M1 and Arg-NP-M1 proteins follow the N-end rule.
Equal Expression Levels from the Ub-Met-NP-M1 and Ub-Arg-NP-M1 Constructs. The levels of transcription and translation from the Ub-Met-NP-M1 and Ub-Arg-NP-M1 recombinant genes in vaccinia viruses were expected to be very similar because these constructs differ only by the methionine or arginine codons. However, the amount of Arg-NP-M1 immunoprecipitated after a 5-min pulse with [ 35 S]methionine was lower than that of Met-NP-M1 (not shown). This difference may be due to the very short half-life of Arg-NP-M1 or to a lower level of expression. To test whether expression levels of these two proteins differed, both RNA and protein levels were compared. RNA extracted from Vac-Ub-Met-NP-M1 and Vac-Ub-Arg-NP-M1 infected cells was separated by electrophoresis in a denaturing gel, transferred to a membrane and hybridized with a cDNA probe corresponding to full-length Ub-Met-NP-M1 (Fig. 4) . Similar amounts of RNA of the expected size (Ϸ1.5 kb) were detected.
To 
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Proc. Natl. Acad. Sci. USA 93 (1996) serine and cysteine proteases inhibits the multicatalytic proteasome (35) . Therefore, the use of this inhibitor prior to and during the labeling should block the degradation of the Arg-NP-M1 protein. Equivalent amounts of Met-NP-M1 and Arg-NP-M1 proteins were immunoprecipitated from Vac-UbMet-NP-M1 and Vac-Ub-Arg-NP-M1 infected cells using this protocol (Fig. 5) . Quantitation of the protein amount (in arbitrary units) immunoprecipitated from cells infected with the two independent Vac-Met-NP-M1 constructs was 7300 and 8623 counts, and 6829 and 7330 counts from cells infected with the two independent Vac-Arg-NP-M1 constructs. We concluded that the expression levels of Ub-Met-NP-M1 and Ub-Arg-NP-M1 proteins were not significantly different. (Fig. 6 a and b) . Clone C3.5 also killed cells infected with the two Vac-Ub-Met-NP-M1 but not those infected with the two Vac-Ub-Arg-NP-M1 (Fig. 6 c  and d) . To test more quantitatively the difference in presentation of the short-and long-lived proteins and to control for the lack of presentation of Ub-Arg-NP-M1, cells were infected with different doses of vaccinia viruses and tested for lysis by both HLA-A2 and HLA-DR1-restricted T cells. As before, clone C3.5 lysed cells infected with Vac-Ub-Met-NP-M1 but not those infected with Vac-Ub-Arg-NP-M1 (Fig. 7) . Recognition of cells infected with Vac-Ub-Met-NP-M1 was dosedependent. Whereas some lysis still occurred with only 0.3 pfu͞cell of Vac-Ub-Met-NP-M1, no lysis was detected with Յ30 pfu͞cell of Vac-Ub-Arg-NP-M1 (Fig. 7 b and c) . As expected, the M1-specific HLA-A2-restricted T-cell line Q157 lysed cells pulsed with peptide M1 58-66 but not untreated cells or cells infected with Vac-H3 (Fig. 7d) . However, in contrast to the distinction between presentation of long-and short-lived proteins by HLA-DR1, both forms of antigen were efficiently presented by HLA-A2 molecules (Fig. 7 e and f ) .
DISCUSSION
This study established that only a long-lived form of endogenous M1, the predominant cytosolic influenza virus antigen, was presented by MHC class II molecules to T cells. A short-lived form of the same M1 antigen was not presented despite similar expression level. Therefore, class II-restricted presentation of cytosolic M1 uses a different pathway from the rapid proteasome-mediated protein degradation. It is unlikely that the lack of presentation of the short-lived M1 was due to a failure of transport by TAP because expression of a minigene encoding the M1 18-31 epitope resulted in presentation by HLA-DR1 molecules in cells that did not express the invariant chain (36) . Expression of the invariant chain in those cells blocked presentation of the minigene-encoded M1 epitope (36) , suggesting that the short M1 epitope was loaded onto class II in the endoplasmic reticulum. In contrast, whole M1 antigen is most likely delivered to an endosomal͞lysosomal compartment for processing because class II-restricted M1 presentation is independent of TAP (13), requires functions encoded in the MHC class II region (14) , and, as shown here, is independent of rapid proteasome-mediated degradation.
Cells utilize several pathways for cytosolic protein turnover. Short-lived proteins are degraded mostly by proteasomes in the cytosol whereas the bulk of long-lived proteins is degraded by lysosomal proteases (37, 38) . How long-lived proteins reach lysosomal compartments from the cytosol is not entirely clear but several mechanisms may account for their delivery to such class II processing compartments. Macro-and microautophagy are nonselective processes that result in the engulfment of cytosolic material into lysosomes (37) . In addition, stress proteins of the 70-kDa heat shock protein family have been implicated in the selective and serum-regulated translocation of cytosolic proteins into lysosomes (39) . The signal that mediates such translocation is found on many cytosolic proteins (38) and related sequence motifs are also found in both M1 and H3 antigens.
The Ub-M1 fusion protein first tested did not appear to follow the N-end rule pathway. Despite expression of molecules of the expected size that bore either the stabilizing methionine or the destabilizing arginine N-terminal residues after cleavage of Ub, both forms of M1 were long lived. Structural features of M1, that included an N-terminal LysGly-Pro artificial extension, must be insufficient for targeting by the N-end rule pathway. On the other hand, addition of 44 amino acids derived from the N-terminal portion of influenza virus NP provided the necessary signals for degradation of M1 according to the N-end rule. In the yeast Saccharomyces cerevisiae, rules have been derived concerning the position of lysine residues that are critical for targeting by the Ubdependent N-end rule pathway (20, 32) . Similar rules appear to be relevant in higher eukaryotes (40) , in that the context in which lysine residues are placed must also be important. The N-terminal region of NP carries the proper features for recognition by the N-end rule pathway, because NP itself follows the rule (25) and, as shown here, a 44-amino acid NP segment was sufficient to confer recognition of a protein that is otherwise not recognized. The Lys-Gly-Pro linker at the NP-M1 junction did not prevent the degradation of M1 by the N-end rule pathway.
The class I-restricted presentation of M1 was not affected by antigen half-life. This result may reflect the extreme sensitivity of the class I presentation pathway. Accelerated degradation of antigen has improved class I-restricted presentation in some circumstances. During the late phase of a vaccinia virus infection, a decrease in the half-life of NP improved its class I-restricted presentation (25) . Furthermore, loading of a single dose of antigen into the cytosol by osmotic lysis of pinosomes resulted in class I-restricted presentation that was enhanced by rapid antigen degradation (41). Short-lived antigen was presented efficiently at early times, whereas long-lived antigen was presented after a delay of several hours (41) . However, when antigens are synthesized within cells, as during virus infections, it is likely that class I-restricted presentation to T cells will function even with a slow protein degradation.
The data presented here established a selectivity in the presentation of cytosolic antigens by MHC class II. The requirement for a long-lived form of antigen provides an explanation for the lack of class II-restricted presentation of several antigens, such as engineered cytosolic forms of lysozyme (15) and influenza virus (H2 subtype) hemagglutinin (17) that were both short-lived. High expression levels of the short-lived cytosolic lysozyme did result in class II-restricted presentation (12) , possibly via the unusual TAP-dependent pathway sometimes used by class II (13) . It is interesting to note that a cytosolic form of hemagglutinin from another influenza virus subtype (H3) with a relatively long half-life (Ͼ2.5 h) was presented by class II in a TAP-independent manner (13) . The selectivity in presentation of cytosolic antigen by MHC class II should alleviate some of the confusion in the field (18) . It is also worth noting that presentation of cytosolic M1 by class II was not a consequence of cytopathic effects due to viral infections because the experiments, including those reported earlier (10, 13, 14) , were carried out during the early phase of vaccinia virus infection that precedes the cytopathic effects caused by the late phase of infection. In addition, identification of class II-associated peptides derived from cytosolic proteins in normal cells has provided the best evidence that MHC class II molecules acquire peptides from cytosolic proteins even in the absence of virus infection. Such peptides have been identified by several groups, from several class II molecules, and from different types of class IIexpressing cells (42) (43) (44) (45) (46) (47) . Our data suggest that long-lived cytosolic proteins may contribute peptides for recognition by CD4 ϩ T cells, and that this endogenous class II pathway may participate in the immune surveillance.
